The interaction of the amyloid-b peptide (Ab) with thermolysin (TLN) was investigated by X-ray crystallography. Structural models of the complexes of TLN with several Ab fragments show that, despite the numerous possible cleavage sites of the Ab sequence, the C-terminal product of Ala30-Ile31 cleavage does not dissociate, thus inhibiting the enzyme. The high similarity between the TLN structural motif and neprilysin (NEP), the most extensively studied peptidase associated with Ab clearance, suggests that NEP should be more efficient against Ab polymorphs where Ala30-Ile31 is inaccessible, which is in agreement with studies in living mice that point to the limited role of NEP in degrading soluble Ab and its higher ability to degrade insoluble and/or oligomeric Ab forms, producing only the Ab 10-37 intermediate.
In the case of plasmin, it was found to cleave monomeric and fibrillary Ab, but no significant differences are detected in plasmin protein or plasmin activity in human postmortem AD brain tissues compared to control [8, 9] .
Nevertheless, most of the identified ADEs belong to the zinc-dependent metalloprotease superfamily, namely the M2 class (e.g., EC 3.4.15.1 angiotensinconverting enzyme, ACE), M13 class (e.g. EC 3.4.24. 11 neprilysin, NEP), and the M16 class (e.g. EC 3.4. 24.64 human presequence protease, hPreP; EC 3.4.24. 56 insulin-degrading enzyme, IDE). X-ray crystallographic data for IDE, hPreP, and ACE in complex with Ab fragments is available, allowing the identification of cleavage sites [10] [11] [12] . On the other hand, no data is available for NEP, which is the most extensively studied peptidase associated with Ab clearance. Several neuroprotective effects have been reported for NEP. For example, coexpression of human Ab with NEP in Drosophila resulted in decreased amyloid plaque formation [13] ; in mice brains, NEP expression reduced Ab 1-40 /Ab 1-42 levels, as well as overall amyloid pathology [14, 15] ; overexpression of NEP in peripheral tissues has also had an impact in decreasing brain Ab levels, given the fact that these are in equilibrium across the brain-blood barrier [16] .
Interestingly, NEP shares active site structural identity with a widely studied zinc-dependent metalloprotease, TLN, with both proteins sharing substrates and inhibitors, such as phosphomaridon [17] . TLN is often used as a suitable structural surrogate model for NEP, because it yields diffraction-quality crystals and is readily accessible in large quantities. TLN (EC 3.4.24. 27 ) is a 316 amino acid, M4 family, zinc-dependent thermostable metalloproteinase, originally from Bacillus thermoproteolyticus Rokko, with a b-rich N-terminus side and an a-helix rich C-terminus side, containing as cofactors four calcium ions which enhance thermostructural stability [18] . It catalyzes the hydrolysis of peptide bonds on the N-terminus side of hydrophobic amino acids isoleucine, leucine, phenylalanine, or valine, including monomeric and fibrillary forms of Ab, as assessed in vitro [19] . Substitution of the zinc ion by cadmium induces structural shifts in TLN that greatly reduce enzymatic activity, while not disturbing the overall protein architecture [20] .
Application of X-ray crystallography to Ab samples has proved elusive, due to their hydrophobic and rapidly aggregating natures, which hamper the formation of crystals. Nonetheless, crystallization of short isolated peptide fragments led to identification of several fibril forming core segments, suggesting high structural polymorphism for Ab [21] . Protein fusion techniques have also been adopted: the structure of fragment Ab [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] fused to the C-terminal of Tk-RNase HII suggests a brich, U-shaped conformation, with the bend at Val36 [22] ; fragment Ab fused to an immunoglobulin from sharks indicates a tetrameric conformation of the construct [23] ; a ternary complex of Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] fused to the N terminus of Im7 (small immunity protein) and stabilized by WO2 (anti-Ab monoclonal antibody) indicates that the structure of the Tyr10-Lys16 segment of Ab has a PPII-helix conformation, closely related to b-strands, to which it can shift given the proper environmental conditions and possibly facilitating the aggregation process [24] . In addition, aiming to establish the molecular basis for immunotherapy, X-ray crystallographic models of Ab with different antibodies, currently in various stages of clinical trials [25] , have disclosed binding sites at the N-terminus (i.e. Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ) [26] [27] [28] [29] [30] [31] , midregion (i.e. Ab [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and Ab [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ) [32, 33] , and C-terminus (i.e. Ab [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] regions of the Ab peptide [34] .
Here, we use TLN in order to infer the physiologically relevant clearance mechanism of Ab by NEP in AD. Crystal soaking trials of peptide fragments Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , Ab 20- 
Materials and methods

Reagents
TLN from Geobacillus stearothermophilus was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. Amyloid-b peptide Ab 1-40 and fragments Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , Ab [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , Ab [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , and Ab [31] [32] [33] [34] [35] were purchased from Bachem (Switzerland). All other reagents were of analytical grade.
Mass spectrometry
Peptide cleavage characterization was performed by nanoLC-MS/MS, with a Ultimate 3000 liquid chromatography system coupled to a Q-Exactive Hybrid QuadrupoleOrbitrap mass spectrometer (Thermo Scientific, Bremen, Germany). Samples were loaded onto a trapping cartridge in a mobile phase of 2% ACN, 0.1% FA at 10 lLÁmin
À1
. After 3 min loading, the trap column was switched in-line to a reverse phase column at 300 nLÁmin 
TLN metal substitution
Metal substitution was performed based on [20] . Briefly, TLN was incubated with cadmium chloride for 11 days at room temperature and excess metal was removed through dialysis. Cd-substituted TLN putative activity was assessed by mass spectrometry after incubation with Ab 1-40 in the crystallization buffer and approximately for 5 days, to replicate the crystal soaking trials. The full Ab 1-40 peptide was not only identified but also traces of cleavage at Glu11-Val12 and Ala30-Ile31 were observed, meaning that the enzyme was not fully inactive.
Crystallization conditions
Lyophilized peptide was suspended in 1,1,1,3,3,3-hexafluoro-2-propanol and incubated overnight at room temperature. In the following day, solvent was removed with a nitrogen stream and further dried in a speed-vac. The resulting 
, where Ii(hkl) is the i th observation of reflection hkl and <I(hkl)> is the weighted average intensity for all observations of reflection hkl.
peptide film was stored at À20°C; immediately before TLN crystal soaking trials, it was suspended in dimethyl sulfoxide (DMSO). TLN samples were prepared as previously described [18] . In short, lyophilized protein was dissolved in 45% DMSO, 50 mM 2-(N-morpholino) ethanesulfonic acid hydrate (MES) buffer pH 6.0, kindly agitated for 1 h at room temperature, followed by centrifugation, and the pellet discarded. Protein crystals were grown by a hanging-drop vapor diffusion technique at 20°C. Equal volumes of TLN at 100 mgÁmL À1 and mixing solution (50 mM MES pH 6.0; 45% DMSO; 0.7-0.9 M NaCl; 0 or 0.4 M CdCl 2 ) were equilibrated against reservoir solution containing 30-40% ammonium sulfate. Full-grown crystals were soaked for 5 days in freshly prepared drops containing 50 mM MES pH 6.0, 45% DMSO, and supplemented with an Ab peptide fragment. Crystals were subjected to a glycerol gradient up to 20% prior to being flash frozen in liquid nitrogen.
Data collection and processing
Data sets of TLN: peptide complexes were collected at ID30B and ID29 beamlines of the European Synchrotron Radiation Facility (Grenoble, France). Data collection and refinement statistics are presented in Table 1 . Diffraction images were processed with the XDS PROGRAM Package [35] and the diffraction intensities converted to structure factors in the CCP4 format [36] . A random 5% sample of the reflection data was flagged for R-free calculations during model building and refinement [37] . The crystals belonged to the hexagonal group P 6 1 2 2. Matthew's coefficient calculations suggested the presence of one molecule in the asymmetric unit (MW of 34 600 Da) [38] . Molecular replacement phases were generated with Phaser MR, using as initial model substrate-free TLN (PDB entry 1KEI [39] ). The final models were obtained after further cycles of refinement and manual model building, carried out with PHENIX and Coot, respectively [40, 41] . Protein structure figures were generated with PyMol [42] . [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Despite the several possible Ab cleavage sites, aTLN crystal structure provided the interactions with the C-terminal product of Ala30-Ile31 cleavage while the iTLN models, despite the residual activity maintained by the enzyme (checked by mass spectrometry), provided the interactions with the substrate aligned for the same reaction. Only the few residues of Ab peptides which are bound to TLN are observed.
Results and Discussion
For the iTLN models, the electron density peaks suggest that the Zn 2+ to Cd 2+ metal substitution protocol also induces a partial substitution of Ca 2+ by Cd 2+ , with the nature of these cofactors assigned according to their most plausible temperature factor. Ca 2+ by Cd 2+ partial substitution has already been reported [20] . A close view of the active sites of TLN for the six crystal structures is shown in Fig. 1 . In the catalytically active form of TLN (Fig. 1A) , the zinc ion is coordinated by two histidines (His142 and His146) and by one glutamate (Glu 166) in a bidentate fashion. The positions for two water molecules Fig. 2 . Close-up view of the active site of aTLN in complex with Ab 1-40 , evidencing their structure and interaction. TLN catalytically relevant residues His142, Glu143, His146, Glu166, along with Tyr157, Asp226, and His231 in cyan (side chains in stick representation). Zinc (yellow sphere) is pentacoordinated by His142, Glu143, His146, Glu166, and a water molecule (red spheres; W1, W2 represent alternative positions for the water molecule, with W2 being the most favorable according to B-value). Ab [31] [32] [33] (gray sticks) results from the hydrolytic action of TLN over Ab . Remaining TLN residues in faded cartoon representation, with some portions in the foreground omitted for clarity. This active site architecture closely resembles the one from neprilysin.
(hereafter referred as W1 and W2) at a distance of 2.5 and 2.1 A, respectively, from the zinc ion are observed. W1 establishes a strong hydrogen bond with Glu143, while W2 interacts with His231. Previous structural studies suggest that W1 and W2 are two alternative positions of a water molecule at the active site, as usually W1 and W2 display above average B factors [20] . In our model, B factors of W1 and W2 are 40.7 and 13.4 A 2 , respectively, which indicates that the water molecule occupies preferentially position W2. In the vicinity of the active site, an electron density corresponding to a short fragment of the Ab peptide was observed. The good quality of the map enabled the unambiguous assignment of that electron density to the Ab residues sequence Ile-Ile-Gly, which correspond to fragment Ab 31-33 of the full peptide (Fig. 1A) . Regarding the inactive form of TLN, the crystal structure of the iTLN:Ab 1-40 complex shows a displacement in Glu143 to interact with the cadmium ion when compared to the aTLN model, presumably deviating it from optimum alignment for catalysis (Fig. 1B) . As previously described, this structural shift results in the reduction of TLN catalytic activity [20] . Moreover, the interaction of TLN residues His142, His146, and Glu166 with cadmium mimics the one observed with zinc. The sixfold coordination for Cd 2+ in the structure of the complex is completed by the interaction of the carbonyl of Ala30 of the Ab fragment bound to the enzyme, replacing the interaction with the water molecule (Fig. 1B-D) . With this inactive form of the enzyme in complex with Ab 1-40 , the position of five residues of the Ab peptide, Gly-AlaIle-Ile-Gly, corresponding to fragment Ab [29] [30] [31] [32] [33] , could be clearly assigned to electron density (Fig. 1B) . Additional crystal structures of iTLN with shorter Ab peptides were obtained. The model of the iTLN:Ab [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] complex (Fig. 1C) was very similar to the iTLN:Ab 1-40 , namely in the structure of the Ab fragment bound to the enzyme. In the case of iTLN:Ab [31] [32] [33] [34] [35] (Fig. 1D) , Ile-Ile residues were unambiguously observed (fragment Ab [31] [32] ). Finally, for iTLN:Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] (Fig. 1E) and iTLN:Ab [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] (Fig. 1F) , the electron density maps did not reveal the presence of fragments of Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and Ab [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
The crystal models suggest that the carbonyl oxygen from Ab's Ala30 (P1 residue, Fig. 2 ), displaces the zinc bound water molecule toward Glu143, which is the key active site residue, as shown by enzymatic inactivation upon single amino acid substitution [43] . The zinc ion potentiates deprotonation of the water nucleophile (in our case, likely W2) and polarizes the carbonyl of Ala30. The combined influence of Glu143 and the zinc ion on the water molecule increase its nucleophilicity, triggering the attack on the carbonyl of Ala30. Asp226 has a stabilizing role in intermediate steps by bonding a protonated His231. Therefore, the motif H 142 E 143 XXH 146 plus E 166 make up the critical core for catalysis in TLN (in other zinc metalloproteases, the second glutamate may be replaced by an aspartic acid or histidine) [44] .
TLN recognizes hydrophobic residues Val, Leu, Ile, and Phe in its S1 0 specificity pocket [19] . Surprisingly, the X-ray diffraction analysis presented here shows that the C-terminal product of Ala30-Ile31 proteolysis displays a prolonged residence binding time, inhibiting TLN. In addition, crystal structures of inactive TLN also show Ab peptides "locked" in place for putative Ala30-Ile31 cleavage. To corroborate our findings, freshly prepared Ab 1-40 was incubated with TLN for 7 days prior to analysis with MALDI-TOF MS. Among the fragments generated is the Ab 1-30 , but not Ab [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , suggesting that the latter is hardly released from TLN (Fig. 3) .
This cleavage site for Ab has been reported for three AD relevant metalloproteases, namely NEP (identified as one of the preferable cleavage sites), matrix metalloprotease 9 (EC 3.4.24.35, MMP-9) (secondary cleavage site), and mitochondrial peptidase hPreP (secondary cleavage site) [45] [46] [47] [48] [49] . NEP, which colocalizes in the brain and peripheral tissues with Ab, shares a similar active site architecture with TLN. A small ultrastructure difference between the two metallopeptidases results in the ability of TLN to accommodate larger substrates. NEP N-terminal sterically restricts access to the active site of the protein, possibly explaining why TLN can cleave fibrillary Ab, while NEP degrades mostly monomeric and oligomeric Ab [19, 45, 46, 50] .
The key common features of substrate recognition shared by TLN and NEP can be observed in Fig. 4 , in which iTLN:Ab 1-40 is shown side to side with NEP complexed with the generic metalloproteinase inhibitor phosphoramidon (PDB ID 1DMT [51] ). Both structures show hydrophobic P1 0 and P2 0 residues of the substrate in a b turn conformation, with both side chains interacting with a Phe residue of each enzyme. Moreover, the backbone of the b turn is stabilized by a hydrogen bond of the C=O of P1 0 residue with an Arg and the N-H of P2 0 residue with Asn. Therefore, it is tempting to suggest that NEP shares the same Ab peptide recognition mechanism with TLN and, even more important, that the Ile-Ile repetition, present in Ab, shares the structural features of endopeptidases inhibitors. Previous studies had correlated the rate-limiting step of dissociation of TLN inhibitors with the strength of interaction with Asn112 [52] , which in fact is tightly bound to the peptide in our model (Fig. 4,  left) .
Furthermore, the structural models iTLN:Ab 1-40 and iTLN:Ab [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] (Fig. 1B,C) evidence that the Ab fragment is in close contact with the TLN 40 amino acid segment Asn112-Thr152, that encompasses a b-turn-b-a motif, with the b-turn-b followed by a long loop that brings the a-helix over the two b-strands surface and the Ab fragment (Fig. 5A) . Ab [29] [30] [31] [32] [33] are in a U-turn arrangement nearly coplanar to the above mentioned TLN b-turn-b motif (Fig. 5A ). As it is frequently suggested that Ab 1-40 fibrils adopt a C-terminus b1-turn-b2 U-shaped motif, with the monomers packed in a two-fold symmetry [53, 54] , we speculate that the core of the Ab fibrils share the structural features of the complex TLN 112-152 :Ab fragment, as described in Fig. 5B . Obviously many additional experiments are necessary to corroborate this model.
In conclusion, we showed that Ab cleavage site (Ala30-Ile31) is inhibitory for TLN activity due to the slow dissociation of the C-terminal product from the enzyme. Given the discussed similarities between the binding modes of this fragment to TLN and of inhibitors to NEP, our findings suggest that NEP should be more efficient against Ab polymorphs where this bond is sterically inaccessible. In fact, it was already hypothesized that while IDE mediates much of the degradation of soluble and monomeric Ab, NEP has little role in degrading soluble Ab, but can degrade SDS-extractable Ab associated with membranes [55] , producing mostly the fragment Ab 10-37 [56] .
